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Abstract

The present work examines the different types didseffluents dumped in the coastal
environment from Gabes phosphate fertilizer pladescribes their coastal repartition and
assesses their long-term environmental impactsarfieg Electron Microscopy analysis of
collected beach sediment samples showed that thasées consist of phosphogypsum,
fluorapatite (phosphate ore grains), smokey quadizjte, fluorite, calcite-Mg, apatite, pyrite,
albite, sphalerite-Cd-U, fluorosilicates, sulfungs and spent catalysts. Using fluorapatite as a
mineralogical marker of the coastal spatial distfiiin of industrial wastes, solid effluents
were found to carry bottom and/or suspended loadk & coastal transport limited at
Essorrag Wadi, ~ 10 km south from the industriaissary. Phosphogypsum which is the
main solid effluent was found to be completely diged in the seawater. The main decadal
consequences of solid effluents on the coast weredf to be the following: local
disappearance dPosidonia oceanica seagrassformation of an azoic benthic zone between
Gabes and Ghannouche ports, gradual fattening ef bidach, shoreline advancement,
formation of a belt of coastal dunes, mouth cloggof coastal streams and formation of
coastal lakes.

Keywords: Anthropogenic pressure; Solid wastes; Coastal nuadiéns; Tunisian Chemical

Group; Phosphates; Fluorapatite.
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1. Introduction
Due to the increasing urbanization and indust@ion of the coasts, huge quantities of
industrial/solid wastes end in the marine environtnkeading to its deterioratiofigsic et al.,
2018 and consequently to various socio-economic ingpdebr example, it is estimated that
the Mediterranean Sea receives yearly 650t bd sewages, 129 16 of mineral oil, 60 19t
of mercury, 36 1dt of phosphates and 3.8100f lead UNEP, 2012. In addition to the
environmental and health issues related to soligtavdisposal in the marine environment,
solid wastes can be responsible for a range of @uanimpacts on marine and coastal
activities reducing the economic benefits derivenf them Newman et al., 20)5In fact, in
the absence of a good management strategy, sobtesyan particular industrial ones, can
impact the fragile coastal ecosystems, economitoesuch as tourism and fisheries and
even public healthKindt, 1984 Alam and Ahmade, 2013; Groeneveld et al., 20k&lustrial
solid wastes are of particular concern because riiegy consist of various harmful pollutants
including heavy metals and radioelements which deteriorate the marine life and flora
leading to the contamination, erosion and modifcatof the coast. Among the various
industrial solid wastes dumped in the Mediterrang@rine environment, phosphogypsum
(PG; Periafez, 2002is an industrial radiochemical by-product of phlesric acid production
which is environmentally hazardous and potentialymful to human healthe( Zrelli et al.,
20183.
The Gulf of Gabes (GG) extends from Ras Kaboudi#he north to the Tunisian-Libyan
borders in the southF{g. 1). It represents the widest continental shelf anmeathe
Mediterranean Basin, together with the North-Cénddriatic shelf, covering about 36.10
km? (Hattab et al., 20%3Halouani et al., 2016 The Gulf of Gabes is known to have very
large continental plateau with a very light slopmking the 200m isobath reachable at almost
250 km from the coastlinéSéurat, 1934Hattour and Ben Mustapha, 201&G had been
considered as one of the most productive MediteaamegionsAbdou et al., 2016and one
of the most important fishing zoneBgpaconstantinou and Farrugio, 20Mith a variety of
fishing activities Rabaoui et al., 201Mattab et al., 2001 due mainly to the largest area
covered byPosidonia oceanica seagrass beds that it used to hDst Gaillande, 197.Batisse
and De Grissac, 1998lattour and Ben Mustapha, 2018 spite of its various and important
ecological and economic services, the GG is cugreonsidered as the most heavily polluted
Mediterranean marine arekl(Zrelli et al., 201Y. In particular, in its central part, various
anthropogenic factors are continuously exertingguwee on its natural habitats making them
3
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very vulnerable. For instance, the central GG @baatea is the destination of various
industrial and domestic pollutants and wastes whielle immensely contributed to the
destruction of its specifics flora (e.§osidonia oceanica; Zaouali, 1993 El Zrelli et al.,
2017, fauna(Darmoul and Vitiello, 1980Rabaoui et al., 2010, 201Byadi et al., 2016; El
Kateb et al 2016) as well as its sediment&yadi et al., 2014El Zrelli et al., 2015Rabaoui

et al., 2015; El Kateb et al., 201&nd seawater qualitiparmoul et al., 1980; Darmoul, 1988
El Zrelli et al., 2018b; El Kateb et al., 201&mong these different industrial wastes, solid
industrial effluents which are mainly representgd RG by-produced from the Tunisian
Chemical Group of Gabes (Groupe Chimique Tunistg@T), raise a major environmental
concern for the coastal habitats of central ®@r(noul, 1988 Rabaoui et al., 2014 Zrelli

et al., 2015; El Kateb et al., 2016n fact, a daily average 680 1@ tons of untreated humid
PG EIl Zrelli et al.,, 201y and other unknown industrial wastes have beeniragously
thrown, from the GCT in the central GG coastal afdeeses wastes are responsible of a clear
damage of the local marine environment, biodiveilsiss and modification of the coast, since
the first observations of Darmoul et al. in 19T8afmoul et al., 1980 Thus, it is very
probable that these wastes have affected, alondatitedecades, the coastal landscape of
central GG at different levels. The present stu@g wonducted for the first time within this
context and it aims aj identifying the different types of solid industrieffluents discharged

in the marine environmenti) describing their costal spatial distribution aingl assessing
their long-term effects on this area.

2. Materialsand Methods
21. Sampling area, trenching and beach sediment sampling
In September/October 2014, 12 sedimentary coastachies were made at 10 sampling
stations spread at the transitional zone betweemtack line and the beach berm, between
the marine discharge of GCT (source) and Zarat IBé&ag. 1). At the beginning of the study,
only one trenche was realized at each stationaftet the examination of the trenches done,
we decided to make 2 additional trenches in Chatlém in order to better understand and
confirm the distinguished sedimentary profile imstlatter station. At each station, trenching
was aborted when reaching the water level, andehdrme depth of the trenches varied from
0.65 (at Tebelbou) te 2.20m (at Chat Essalam). Systematically, after diggéagh trench,
one composite sediment sample (made by mixing tthifeerent samples) was collected from
each sediment layer observed in each trenchetah 28 composite sediment samples were

4
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collected with a rate of only 1 sample from eachheaf trenches done in LM, KT and ZT, 2
samples from each of the trenches in LG, CR, OG, MWMand TB, and 2 to 3 samples from
each of the trenches dug in Chat Essalam (i.e. CE2,and CE3)Table 1 Fig. 1).

The study area was divided into 2 sectors:

* Inter-harbour Sector: located between the commiehaebor of Ghannouche in the
north and the fishing port of Gabes city in thethadrig. 1). It extends along 2.5 km
between Legusir Wadi which is used as the industei@eases emissary of GCT and
Ennaten Wadi to the south-i¢. 1). It contains 2 stations (LG and CE) and is
characterised by relatively low hydrodynamic enecgnditions Gzam et al., 2016
due of the influence of the structures of the twap El Zrelli et al., 201%

» Southern Sector: located toward the south and asackerized by moderate energy
conditions Gzam et al., 2006 It extends nearly along 30 km from the fishiraytpof
Gabes to Zarat Beach in the soukhg( 1) This sector hosts the other 8 sampling
stations: CR, OG, CM, MT, TB, LM, KT and ZFig. 1).

In addition to the 23 sediment samples collectemnfrthe ten sampling stations above-
mentioned, 2 additional sediment samples were takesctly from the littoral industrial

emissary of GCT. The first sample (E1) was takethatlevel of the industrial canal bed
where the current is strong, in order to have tbarse fraction of the dumped industrial
wastes. However, the second sample (E2) is muen because it comes from the delta of
industrial channel where the environment is lestgategl (low hydrodynamics energy). These
2 additional samples were collected in order taniidfie the different types of industrial wastes
thrown from the coastal phosphate fertilizer faewrof Gabes cityCollected sediment

samples were placed separately in sealed and glelyethylene bags. In the laboratory,

samples were dried in an oven at 60°C for few daysconstant weight.

2.2. Mineralogical, morphological and granulometric characterization of beach sediments
and solid wastes.
The collected sediment samples were first observader a binocular loupe in order to
determine their general characteristics (coloe,sshape, etc.). After embedding the sediment
samples, polished sections were prepared and aasemwnder a Scanning Electron
Microscopy (SEM; JEOL JSM 6360LV) coupled with anefgy Dispersive Spectroscopy
detector (EDS; SAHARA Silicon Drift Detector). ThEEM-EDS analysis enabled to
5
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determine the mineralogical, morphological and glametric characteristics of each

sediment sample.

2.3. Sedimentological characterization of the beach area in the two sectors

Each of the two sectors defined herein was chaseerive a well-defined purpose. The inter-
harbour sector was firstly used {o identify the different types of industrial was thrown
from the GCT factories because it shelters in dghern part the littoral channel of these
wastes. This sector is limited by the piers ofédbmmercial and fishing harbours which trap a
large part of industrial wastes, making it the nafstcted area by these industrial discharges
(Ayadi et al., 2014El Zrelli et al., 201% Hence, this sector was definad (o identify the
impacts of phosphate plant discharges on the doastaronment Sediment samples
collected from the different layers of the trencdese in Chat Essalam station, were used to
assess the concentration of the inorganic phosph@fw), cadmium (Cd), Zinc (Zn),
Chromium (Cr), Copper (Cu), Mercury (Hg) and Ledeb), Elemental analyses were
conducted following the methodology describedlZrelli et al. (2015)

Because of its location in the direction of PG mardispersionEl Zrelli et al., 201% and
hence in the direction of discharged solid wadtes southern sector represents the ideal area

(iii) to determine the spatial limit of GCT solid wasteedimentary transport in central GG.

2.4. Spatial limitation of the coastal transport of industrial solid wastes

In order to spatially limit the littoral extensiaf sedimentary transport of GCT solid wastes,
the fluorapatite, one of the main insoluble mingeral phosphate ore grains dumped by the
coastal factories into the seawater of GG (prestumty), was used as a “mineralogical
marker” of industrial waste littoral transport. Ttleoice of fluorapatite is also confirmed with
the study ofPoizat (1970which was conducted, before the setup of the giaispfertilizer
plant (in 1972), on the analysis of GG coastalreedits and did not report the presence of this
mineral. For this purpose, we have used the op#odl electronic microscopy to minutely
search the presence of this marker in the sedinfientsthe southern zone in the direction of
transport of these industrial wasté&d Zrelli et al., 2015 We started with the southernmost
station (Zarat) towards the industrial wastes saufdie principle of the method used is too
simple: the first southern station, where fluorépas found, represents the limit of industrial

wastes transport.
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2.5. Assessment of the long-term effects of PG industrial wastes on the central coastal area

of GG
After several years of observation (1990-2018) dadng many field campaigns carried out
in our study area (2013-2017), several field suswagre done with local habitants in order to
determine the coastal modifications since the beggof solid wastes dumping in the littoral
environment (1972). For the same purpose, we hawdiesl and compared several ancient
photos (since 1952), aerial (since 1949) and #at@thages from different free sources (since
1984 from Google Earth and LandSat) of central pa@GG.

3. Resultsand discussion
3.1. Qualitative identification of different types of industrial solid wastes
The SEM observation of two sediment samples cateétom the bed (E1, coarse fraction)
and delta (E2, fine fraction) of the marine effltgerfrom the industrial discharges of Gabes
phosphate chemical complex, showed the presensevafral types of minerals. The coarse
fraction Fig. 2 consisted essentially of fluorapatite, smokeyrtpjacalcite, fluorite, sulfur
dross, spent catalysts (i.e. solid wastes prodduoedg the process of sulfuric acid production
and composed mainly by C, O and Si), sphaleritdJOgHg. 3), apatite and fluorosilicates.
The fine fraction was found to be formed by phospipsum, smokey quartz, fluorapatite,
calcite-Mg, sphalerite-Cd, fluorite, pyrite and itdb The diversity of identified minerals
showed that GCT plants do not only throw PG wakt88.1C t/day of humid PGEI Zrelli et
al., 2017, but also phosphate ore grains and other untteatiistrial solid wastes like sulfur
dross and used catalysts.
Historically speaking, the first studies on the iemwvmental impacts of the GCT industrial
wastes on the Gabes Gulf reported liquid efflueadsthe only form of industrial wastes
discharged in the marine environment at the begaqmif coastal industryDarmoul et al.,
1980a and b; Darmoul, 1988Along the decades following the setup of the gpate
industry in Gabes coast, the industrial wastes teen intensified and diversified. This has
been accentuated with the absence of prioritiesnafine environment protection in the
seventies and development of GCT industries, lgattinncrease the anthropogenic pressure
on the coastal environment which has become theivieg area in which end all generated
wastes. Compared with other coastal areas hostiogphate industries such as Sfax (Tunisia;
Gargouri et al., 2010; Naifar et al., 2Q,1Bluelva (SpainMorillo et al., 2004; Pérez-Lopez et
al., 201), El Jadida(Morocco; Gaudry et al., 2007 Kpémé (TogoBawa et al., 2006and

7
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Batroun (Lebanonfakhri et al., 2008 the observation of industrial solid wastes, uigichg
phosphate ores, spent catalysts and sulfur dresyj bdischarged in Gabes coastal waters was

reported only during this study.

3.2. Sedimentological characterization of different beach layers
The examination of the twelve beach trenches ahroet in the studied area allowed to
distinguish 4 successive layers, L1, L2, L3 and indthe inter-harbour area and only one
contaminated layer @) in southern sector. They are sedimentologicatig mineralogically
heterogeneous~{gs. 4 & 5 Table 9. The L1 layer was found throughout the study area
(Zone 1, 2 and 3ig. 5 and consisted of the regional white fine-graisadd and was found
to be mineralogically uncontaminated with the pneseof quartz, calcite and some opaque
grains essentially represented by zircon, iron exidnd titanomagnetite mineralsable J.
The L2, L3 and L4 layers are exclusively locatedha inter-harbor aredaig. 4;Zone 1 in
Fig. 5 and were found to be characterized by coarsdicfemsize and darker color than the
bottom layer L1 Table 2. In addition, these last 3 layers are contamuhdecause of their
enrichment with several minerals of industrial origsuch as fluorapatite, calcite-Mg,
sphalerite-Cd-Ufluorosilicatesand some sulfur drosSi-Fig. 1); these latter were not found
in L1 (see more details Table 3. Besides, it is also important to note that Lylelacould be
considered as a typical industrial wastes layeméa by almost only phosphate ore grains
(Table 2. Indeed, even with naked eyes, this layer wasdoto be distinguished from the
other two "mineralogically” contaminated layers @&2d L3) by the dominance of phosphate
raw minerals, mainly fluorapatite, which gave i tthark brown to blackish color. Finally, the
Ls layer is spatially limited in Zone 2 of the soeitn sectorKig. 5 and is composed by fine-
sized sand grains and characterized with a greyastr, due to the presence of calcite-Mg
(Table 2.
Fig. 5 shows the East-West (E-W) and North-South (N-$@rpretative diagrams of the
trench profiles found in our study area, showing slequential organization of the different
layers already defined iaig. 4and described ifiable 2
The E-W section of Zone TFig. 5A) showed the occurrence of 3 main different phases
industrial discharges (corresponding to the thagers L2, L3 and L4), since the set-up of the
phosphate fertilizer industry along the coast ob&a (in 1972). These three layers are
simultaneously marked with their horizontal incieeasf grain size and their contents of
phosphate grains, in particular fluorapatite, frdme base (L2) to the surface (L4). These
8
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granulometric and mineralogical differences aratesl to the changes in industrial processes
and consequently the changes in the types of indusiastes released. Within this context, it
is worth noting that the last industrial phase Wwhiorresponds to the surface layer, L4, was
found to be granulometrically, mineralogically amphantitatively the most important
compared to the two others phases (L2 and L3).eltidthis last phase is the main phase
responsible for the various radical morphologidsrmges seen at present, in particular in the
inter-harbor beach (Zone Ejg. 5 SM-Fig. 2. Figure 6showed the variations of elements
(Ping, Cd, Zn, Cr, Cu, Hg and Pb) concentrations analymethe sediment samples collected
from Chatt Essalam Beach layers. The concentratbr?,y varied between 0.15 g Rg(in
L1) and 39.1 g kg (in L3); those of Cd between 4 mgk¢n L1) and 723 mg K§(in L4).
The concentrations of Cr were found to vary frommi@kg* (in L1) to 57 mg kg (in L4). In
the case of Cu, concentrations ranged between 8.Rgh(in L1) and 6.4 mg kg (in L4).
Regarding the concentrations of Hg, they variechftb011 mg kg (in L1) and 0.026 mg kY
(in L4). As for Pb, its concentrations ranged betwd.8 mg kg (in L1) and 11.9 mg K§(in
L2); those of Zn between 4.9 mgk@in L1) and 4732 mg K§(in L4). In addition, the lowest
concentrations of all elements taken into constdmravere recorded in the uncontaminated
layer L1; whereas the highest concentrations waued in the other three layers (L2, L3 and
L4; Fig. 3. The geochemical enrichment of these three lai@per) layers is most likely due
to their ‘mineralogical contamination’ by the typlgphosphate minerals mainly fluorapatite
and sphalerite-CdS@ssi and Sassi, 1999
As for the N-S section profile=(g. 5D), it showed that the industrial impacts on thechea
environment are not only concentrated in the ihabor zoneKig. 5A andD) but they are
also extended to southward-spreading (Zorf@@5B), with a very much lower amplitude. A
thin (up to 80 cm) dark-greyish contaminated lafley) is found to overlay the regional
uncontaminated white sands. It ends at Essorrag WWagd 5D) thus marking the spatial limit
of coastal solid waste transport at this level (kixOfrom the source).
Comparing between known phosphate industries irMbéeiterranean Sea, the largest marine
releases of phosphogypsum are being dumped by @¥e gants of Gabes-80 1C tons of
untreated humid PGl Zrelli et al., 201Y. For example, in Batroun region (North Lebanon),
only 950 t of PG are daily discharged in the dd& TAP/Tebodin, 1998which represents
more than 30 times less than the quantities rejaat€&abes. In addition, the other insoluble
industrial wastes such as phosphate ores, sulagsdand used catalysts are discharged only
in the coastal waters. All other phosphate indestdo not follow the same practices adopted
9
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by Gabes phosphate factories. These latter frac{ica phosphate ores, sulfur dross and used
catalysts) cannot be dissolved in the seawateasntherefore washed on the coastal beaches
where they accumulate with years to form stratifeegers with respect to the type of wastes
they form.

3.3. Spatial limitation of the solid industrial wastes impact on the central coastal area of
Gabes Gulf: Spatial repartition of fluorapatite mineral
Fluorapatite grains, the main mineral componenwfisian phosphate ores, were used as the
mineralogical marker of the coastal spatial distiifn of solid GCT wastes, since they
predominantly occur in all the contaminated layarthe inter-harbor (L2 to L4) and southern
(Corniche to Tebelbou sampling stationg), $ectors)Figure 7showed the scanning electron
microscopy photos of some representative fluorggatineral grains from 3 stations: Legusir
(LG; the source of GCT solid wastes), Chatt Essal@m; the most impacted coastal zone)
and Tebelbou (TB; the limit of the presence of eomnhated industrial layerg). These grains
are distinguished by different shapes and sizeth, i@spect to the sampling stations. The LG
fluorapatite grainsKig. 7) are characterized by elongated shapes and lsgs &etween
1050 and 1200 pm). However, in the two other stati@CE and TB), the fluorapatite grains
have almost the same spherical shape but withreliffesizes: CE fluorapatite grains ranging
between 600 and 800 pum are larger than those ofluBapatite grains (between 230 and
280um). Within this context, each grain size maybsociated with a specific mechanism of
transport {Vilcock et al., 200Pin a moderate hydrodynamic context like the stadga of GG
(Maghrebi, 1995 Guillaumont et al., 1995Hattour et al., 2010 Industrial emissary (LG)
fluorapatite is transported only in bed load byisiy and rolling or hopping according to
Wilcock et al.(2009. Two transport mechanisms are possible for therdimarour sector
fluorapatite grains (Chatt Essalam): bed load ampanded load. Finally, the fluorapatite
mineral grains of the southern sector move excélgiin suspension with the seawater mass
along the southern-directed littoral drift (suspesdbad;Wilcock et al., 200R This transport
mode may be added to another particular mode:rémsport in colloidal suspension by the
PG foams $M-Fig. 3. According toEl Zrelli et al. (2019) PG foams can migrate far into the
marine environment (reaching tens of km) transpgriwith them small grains of fluorapatite
and depositing them after their mechanical collapseshown INSM-Fig. 3 These results
showed that the sedimentary coastal transport of &@lid wastes - essentially phosphates
grains — is limited spatially at the level of Egsgr Wadi, at ~10 km far from their source.
10
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Besides, it is worth noting that from Legusir toraastations (~30 km), no trace of PG, the
main solid wastes of phosphoric acid factories, dekected except for the area located in
front of the industrial discharge delta. Hencdsistrongly suggested that PG is completely
dissolved in the seawater. This dissolution contab enormously to the marine dispersion of
the polluting load of these radiochemical industrastes El Zrelli et al., 2018p

In other areas hosting phosphate industries su@dattsun (Lebanon), El Jadida (Morocco)
and Seine estuary (France; where PG dischargegestap 1992), the environmental impacts
of the PG industrial wastes remain spatially limi(Eakhri et al., 2009, 2011; Simon et al.,
2000, contrary to what is being observed in Gabesiddaranthropogenic and natural factors
can explain the current status of the coastal iar€&G. For instance, the important quantities
(~10.5.18 t/year of humid PGEI Zrelli et al., 2017 and diversity of industrial discharges
(Fig. 2, spatial extension and low inclination of the woental shelf Hattab et al., 2013
Halouani et al., 2016; Hattour and Ben Mustaphd,3p@nd the role played by harbors’
marine structuresRabaoui et al., 2014l Zrelli et al., 201% act in synergy in order to
enlarge the spatial extent of the environmentalaictg of the GCT discharges towards the

area located southern the discharge source (~ 1Gikmb).

3.4. Assessment of the long-term effects of solid wastes on the central coastal area of GG
The central coastal area of GG has known variooshgephological changes due to the huge
guantities of various solid industrial wastes (rhaiRPG) dumped by the GCT factories
directly in the sea. In fact, just few years afteg beginning of the GCT marine discharges,
Darmoul (1988)observed a degradation of tResidonia oceanica seagrass beds in front of
the industrial emissary. Various authors highlightieat this degradation is mainly due to the
effects of the untreated PG dumped in the coastal@ment sealfarmoul et al., 1980a
Darmoul, 1988 Zaouali, 1993; El Zrelli et al., 20).7This industrial waste was also reported
to be responsible of other environmental conse@genncluding the increase of water
turbidity (Darmoul et al., 1980achemical contamination of seawatBra(moul et al., 1980a;
Kharroubi et al., 2012; El Zrelli et al., 20)8bdestruction of the benthic community
(Darmoul et al., 1980a and b; Rabaoui et al., 22045; El Kateb et al., 2016, 2018; EI Zrelli
et al., 201y and silting up the seabe®drmoul et al., 1980a; Zaouali, 1993 recently-
conducted study confirmed the cumulative negatmpaict of PG orP. oceanica meadows
which disappeared -almost- completely from the wtaicka, except for few small patches of
this plant still remaining at almost 6 km (~ fewnldwued meters after the CM station described
11
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herein;Fig. 1) to the south of the PG emissaBi Zrelli et al., 201). Consequently, an azoic
benthic zone was established in the coastal areebr the two ports of Ghannouche and
Gabes, inter-harbor sect@NI-Fig. 4 Rabaoui et al., 20)5In all, the local disappearance of
P. oceanica seagrass can be considered as the major impa@Cdf industrial marine
discharges, in particular because this endemict pkpresents a key species in the coastal
ecosystem of GGH| Zrelli et al., 201Y}. Other serious changes caused by these industrial
wastes took also place in the central coastal afe@G leading to more accentuate the
degradation of the coastal habitat in this regidbhe surplus of industrial-derived coastal
sediments have gradually led to a "fattening” ohttlEssalam Beacls{/1-Fig. 5 from the
north to the south, in the direction of marine #@ort of industrial waste€( Zrelli et al.,
2015. This phenomenon was, firstly, caused the advaece of the shoreline more than 200
meters in the northern part of this area, clogdecGCT industrial emissargi/-Fig. 6, with
the formation of a belt of some coastal duri&gl{Fig. 7). The disappearance of an old coastal
building of a red tuna processing plant preseni 2613 (SM-Fig. §, could be an additional
proof of the beach flattening of the inter-harboastal area. In addition, the large quantities
of industrial wastes have gradually clogging theuthe of 2 coastal streamSNI-Fig. 9
which has led to the formation of 2 small coastliek (Aouina and Ayatt lakeSM-Fig. 10.
It is worth noting that the coastal installatiorfscommercial and fishing harbors might most
likely play indirectly an essential role in the sassion of these coastal modifications through
the entrapment of a large proportion of these ittddsvastes in the inter-harbor area. This
can be confirmed with the Google Earth photo giresM-Fig. 11, which showed that the
sediments of the inter-harbor sector have a daakkbtolor; whereas those of the southern
area have a clear color.
The impacts of phosphate treatment industries erctlastal environment are known to differ
with respect to hydrodynamic and geomorphologiduies. For example, in the Lebanese
coastal area of Batroun, the dumped PG dischames dffected the sediment quality leading
to the prevalence of fine fractions, decreased pdH axidation reduction potential, and
increased inorganic phosphate concentratiéiaki{ri et al., 2009, 20)1The latter authors
have also observed a strong shrinkage of meiofagjmasentation and higher chlorophall
concentrations in the sediments in the front of Bt emissary. Seawater quality was also
found to be affected by PG wastes through the a@&saein its pH, temperature and
orthophosphate concentratioi@khri et al., 2009, 20)1Similar impacts were also observed
in the Seine Estuary (France), decades after bgrthim PG discharges in the Seine River
12
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(Simon et al., 2000Chiffoleau et al., 2001 This leads to deduce that the environmental
impacts of PG releases observed in Gabes will tilady remain for decades, even if these
industrial effluents are stopped, and that theorasibn of the coastal environment which has
been affected for decades (more than 50 yearshedéssarily require a depollution phase of
the water and sediments, followed by a monitoringgpam at different levels (fauna, flora,
sediment, water...etc.). Moreover, the local regoegdisappearance &f. oceanica seagrass
from the central area of Gabes Gulf, caused by Béhdrges, is most likely the triggering
factor provoking, through a ‘domino’ effect, thehet morphological impactsS(M-Fig. 4to
SM-Fig. 10. In fact, P. oceanica naturally ensures the stability of sandy shores seabed
(Maggi, 1973 Hattour and Ben Mustapha, 2013 herefore, any future remediation program
of the marine environment in Gabes should begirh whte introduction of this endemic
Mediterranean species which can help to restoret¢hiogical balance of the GG ecosystem.

4. Conclusions

Summarizing, the present study showed that thed soblustrial effluents are formed by
phosphogypsum, fluorapatite, smokey quartz, caldlteorite, calcite-Mg, apatite, pyrite,
albite, sphalerite-Cd-U, fluorosilicates, sulfurods and spent catalysts. Essorrag Wadi
represents the spatial limit of coastal sedimenteampsport of the solid industrial wastes
(phosphate grains). One must note that phosphogypsas found to be completely dissolved
in the seawater. Since the installation of the #tdal complex in the coast of Gabes city in
1972, the coastal landscape has undergone sevajal modifications. The local extinction
of P. oceanica seagrass, installation of azoic benthic seabeatidnnter-harbor area, gradual
fattening of beaches, advancement of the shordtneation of a costal dunes belt, clogging
of the coastal streams’ mouths and formation ofstaddakes represent the main coastal
changes identified in this study. Based on theseirigs, a rapid intervention is necessarily
and urgently needed in order to allow the recowdrihe impacted coastal habitats of central
Gabes Gulf. To ensure the success of any remedliptam of central GG, it is mandatory to
ban dumping all types of industrial dischargeshe tmarine environment. Achieving the
restoration of Gabes Gulf environment cannot beedmmsidering only this latter step. Other
steps should be also considered including the daoonation of the seabed and clean-up of
beaches. These measures will certainly help ttapparition of locally-extinct taxa such Bs

oceanica which play the role of a key species in the GulGafbes.
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615 Table 2. Description of different coastal layers. (Ls: Gx14: Gx10; L3: Gx15; L2: Gx20;

616 L1 Gx20).

Layers

617
Ls
L4
L3
L2
L1
618

Description

Color: greyish

Composition:  Quartz, calcite, zircon,
titanomagnetite, Calcite-Mg and small
spherical shape fluorapatite grains
(@<250um), with a homogeneous fine
granulometry.

Spatial extension: in the southern area, from
Corniche to Tebelbou (Sourrag Wadi).

Color: Dark brown to blackish

Composition:  Almost  dominance  of
fluorapatite grains, with the presence of
smokey quartz grains, sphalerite-Cd, calcite-
Mg, feldspar-K, fluorosilicates, sulfur dross
and spent catalysts, with a very coarse
heterogeneous granulometry.

Spatial extension: in the inter-harbor area.

Color: Brown

Composition: Fluorapatite, quartz, calcite,
zircon, calcite-Mg, sphalerite-Cd with the
minority presence of barite and albite with
heterogeneous medium granulometry.

Spatial extension: in the inter-harbor area.

Color: greyish

Composition: Quartz, calcite, calcite-Mg,
fluorapatite, zircon, fluorite, apatite and
titanomagnetite, with a homogeneous medium
to fine granulometry.

Spatial extension: in the inter-harbor area.

Color: white to blond yellowish

Composition: Quartz grains, calcite grains
(fragments of shells) and opaque grains
(zircon, iron oxides and titanomagnetite
minerals), with a homogeneous fine
granulometry.

Spatial extension: from Chatt Essalam to
Zarat.
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Figures Captions

Fig. 1. Location of the study area and sampling stations.

Fig. 2. Mineralogical composition of the sediment sampteiected from the bed of the
marine industrial discharges of the Gabes phosplatemical complex (1:
fluorapatite, 2: smokey Quartz, 3: calcite, 4: usmdalysts, 5: sulfur dross, 6:
sphalerite-Cd-U (+ fluorite), 7: apatite, 8: flusicates. All the minerals presented
here (1-8) were found in different samples and doset together just to show the
mineralogical composition of these samples.

Fig. 3. SEM image and EDS spectra of Sphalerite-Cd-U.

Fig. 4. Sequential organization of L1, L2, L3, L4 andlayers at Gabes Beach.andB at
Chatt Essalam Beach, a@dat M'torrech station (zonel).

Fig. 5. North-South (N-S) sedimentary organization ofghely beach area.

Fig. 6. Variations of Pb, Cd, Zn, Cr, Cu, Hg (in mg8gand Ry (ing kg?) concentration
(log-transformed) among the four different sedimiayers observed and samples in
Chat Essalam Beach.

Fig. 7. SEM photos ofAR) representative fluorapatite mineral grains froegusir (LG), Chatt
Essalam (CE) (Zone 1) and Tebelbou (TB) (Zone &)asts and
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extinction of Posidonia oceanica, nstallation of azoic benthic seabed
in the iner-harbor area, gradual fattening of beaches, advancement
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